'Oligotrichous' ciliates have been traditionally placed in a presumed monophyletic taxon called the Oligotrichia. However, gene sequences of the small subunit rRNA gene, and several other genes, suggest that the taxon is not monophyletic: although statistical support for this is not strong, the oligotrich Halteria grandinella is associated with the hypotrich ciliates and not with other oligotrich genera, such as Strombidium and Strombidinopsis. This has convinced some taxonomists to emphasize that morphological features strongly support the monophyly of the oligotrichs. To further test this hypothesis of monophyly, we have undertaken a phylogenomic analysis using the transcriptome of H. grandinella cells amplified by a single-cell technique. One hundred and twenty-six of 159 single-gene trees placed H. grandinella as sister to hypotrich species, and phylogenomic analyses based on a subset of 124 genes robustly rejected the monophyly of the Oligotrichia and placed the genus Halteria as sister to the hypotrich genera Stylonychia and Oxytricha. We use these phylogenomic analyses to assess the convergent nature of morphological features of oligotrichous ciliates. A particularly 'strong' morphological feature supporting monophyly of the oligotrichs is enantiotropic cell division, which our results suggest is nevertheless a convergent feature, arising through the need for dividing ciliates to undertake rotokinesis to complete cell division.
INTRODUCTION
The oligotrich ciliates are a group of spirotrich ciliates that are conspicuous members of the plankton. Unlike many spirotrichs, which are benthic ciliates with well-developed somatic ciliatures and an oral ciliature that spirals along the ventral and anterior body, oligotrich ciliates are characterized by having a reduced (i.e. oligotrichous) somatic ciliature and an apical oral ciliature. These two features have been presumed to be adaptations to the plankton habitat, but have also been considered shared-derived morphological traits indicating that the 'oligotrichous' ciliates are a monophyletic group. However, it is also possible that these traits may have evolved convergently as different benthic spirotrich lineages adapted independently to the planktonic life style.
The oligotrichs have traditionally included the strombidiids, strobilidiids, tintinnids and halteriids ( Fig. 1) [1, 2] . As noted, these four taxa were united by two significant morphological features: (1) the absence of a robust somatic ciliature (i.e. oligo=few; trichos=hairs) and (2) the presence of an adoral zone of polykinetids or membranelles that encircles the anterior pole and that is used for both locomotion and feeding in the plankton. Faur e-Fremiet [3] proposed that the group could be subdivided on the basis of the form of the adoral zone. The strombidiids and halteriids had a 'C'-shaped or open adoral zone, divided into what have been called a 'collar' and 'lapel', the latter being the oral polykinetids that line a somewhat cone-shaped oral cavity wall. The strobilidiids and tintinnids had an almost completely closed adoral zone, typically with a much shallower oral cavity so that the adoral zone did not form a conspicuous 'lapel'. Small and Lynn [4] suggested formal names for these two groups: the subclass Oligotrichia to include strombidiids and halteriids; and the subclass Choreotrichia to include strobilidiids and tintinnids.
Lynn and Sogin [5] published a phylogeny based on partial sequences of the small subunit (SSU) rRNA genes of several ciliates, including only one oligotrich, Halteria grandinella, confirming its relationship to other spirotrichs. With increased taxon sampling of full SSU rRNA gene sequences from other oligotrichs and tintinnids, it became clear that the genus Halteria was not so closely related to the other oligotrichs as its morphology would suggest (e.g. [6] ).
Hoffman and Prescott [7] provided additional evidence of a close relationship between the members of the genus Halteria and benthic hypotrichs based on the sequence of DNA polymerase a, but their study did not include other oligotrichs. Nevertheless, Paiva et al. [8] exhaustively analysed a spirotrich alignment of SSU rRNA gene sequences and concluded that statistical testing did not robustly refute the members of the genus Halteria remaining oligotrichs. Multigene analyses, using SSU rRNA, internal transcribed spacers (ITS), 5.8S rRNA, a-tubulin and actin I, have also not robustly supported removing the genus Halteria from the oligotrichs [9, 10] .
Foissner and colleagues [11, 12] have exhaustively probed the morphological features of halteriids and oligotrichs and choreotrichs, including an analysis of morphogenesis during conjugation of members of the genus Halteria. They provide almost 30 characters, with many of these as shared-derived characters between halteriids and oligotrichs and choreotrichs, separating this group from the hypotrichs with which the genus Halteria is related based on some gene sequence data. Thus, their cladistic analyses contradict the topology derived by gene sequencing [11, 12] .
We have taken a phylogenomic approach to resolve the question of the phylogenetic position of the genus Halteria. Since there are phylogenomic data for several hypotrichs, oligotrichs and choreotrichs, we will be able to categorically place the genus Halteria either with the hypotrichs or with the oligotrichs. Using this approach, and if members of the genus Halteria are indeed 'oligotrichous' hypotrichs, we will also able to suggest what morphological features of 'oligotrichs' might be convergent ones, possibly related to the planktonic lifestyle that they share with oligotrichs, choreotrichs and other unrelated ciliates; these features would, therefore, not be useful for morphological cladistics analyses.
METHODS

Strains and cultivation
A culture of Halteria sp. was obtained from Sciento and maintained in spring water with rice grains to encourage growth of resident bacteria. After cDNA amplification of the transcriptome (see below), a PCR reaction to amplify the SSU rRNA gene of Halteria sp. was performed following the procedures of Lynn [13] . Subsequent sequencing of the PCR products following the procedures of Lynn [13] provided 100 % identity to the published SSU rRNA sequence of H. grandinella.
Transcriptome amplification and library sequencing Multiple cells belonging ot the genus Halteria were picked from a growing culture and transferred individually to nonbacterized fresh spring water. From this population, four cells were picked, two at a time, into a 1.5 µl volume set on a 2.5 µl Eppendorf micropipettor and transferred to a 0.5 µl PCR tube. The two tubes were checked under the dissecting microscope to confirm that the two cells were alive and then lysis buffer was added and the transcriptomes were amplified following the method of Kolisko et al. [14] . The two Nextera XT libraries were submitted to Genome Quebec (McGill University, Montreal, Canada) for Illumina MiSeq v3 (2Â300) sequencing and were subsequently concatenated, prior to assembly, when each library was confirmed to have only the SSU rRNA gene or its fragments from H. grandinella. Raw reads were processed by quality trimming using sickle [15] , and an in-house pipeline was used for removal of Illumina adapters. Contigs were assembled using Trinity 2.0.6 [16] . Sequences representing the genus Halteria were then added to the exisiting dataset of Gentekaki et al. [17] following their protocol. In short:
(1) For each gene in the dataset a reference sequence was blasted against the Halteria assembly recovering the top five hits with e-value < e À10 . (2) To remove obvious deep paralogs, each of the sequences recovered was then blasted against a reference database containing all the 154 genes plus known
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Limostrombidium sp. deep paralogs (for example elongation factor 1 and elongation factor-like genes). Only sequences hitting the correct orthologue were kept. (3) The remaining sequences were then added to the Gentekaki et al. [17] dataset containing extended sampling of ciliates and representatives of major eukaryotic lineages, creating the RAW dataset. (4) Each gene in the RAW dataset was then aligned using the mafft-linsi (version 7.212) algorithm [18] followed by removal of ambiguously aligned regions by BMGE 1.2 [19] and tree reconstruction in RAxML 8.1.6 (maximum-likelihood search followed by computation of 100 rapid boostraps under PROTCATLG model, option -f a; [20] ). (5) Resulting trees were then inspected manually to identify the correct orthologue from members of the genus Halteria for each gene. In principle, there are three kinds of paralog.
In-paralogs -originating from gene duplication within the species of interest only. In this case the longest sequence or shortest branching sequence was selected.
Mid-paralogs -originating from gene duplication in a particular group or subgroup. In this case we only kept representative sequences belonging to a particular orthologue group. Deep-paralogs -apparently different genes (e.g. EfL instead of Ef1-alpha); most these were removed in Step 2 (above), but suspicious sequences were checked manually. (6) Conservatively, we retained 124 genes with confidently resolved ciliate orthologues. (7) Single gene trees were reconstructed and bootstrapped as described in Step 4 (above,) and highly supported bipartitions (BP >=70) were extracted. Each highly supported bipartition was examined by an in-house script. Bipartitions that appeared to originate through contamination or paralogy (for example, if Toxoplasma would be branching inside the Metazoa) were then inspected by eye and corrected [21] .
The sequence data were submitted to the NCBI SRA archive under the study accession number SRP106567.
Phylogenetic and genomic analyses
One hundred and twenty-four genes were selected for downstream analyses as they provided unambiguous signals during orthologue selection (Table S1 , available in the online Supplementary Material). The 21 ciliate gene datasets, including that of the genus Halteria, and as outgroups, three dinoflagellate and seven apicomplexan gene datasets, were concatenated. The resulting matrix consisted of 36 246 sites. The maximum-likelihood tree was computed under the C60+LG+G+F model using the IqTree 1.5.3 program with 1000 ultrafast bootstraps [22, 23] . Bootstrap support was then computed by 500 non-parametric bootstraps using the program RAxML 8.1.6 under the model LG+G+F [20] .
Statistical support was inferred from 500 bootstrap replicates. Bayesian analysis was performed in PhyloBayes (pb_mpi 1.4) [24] under the CAT-GTR model with four independent chains each run for 17 000 generations (20 % burnin, maxdiff = 0.0854412). The genus Mesodinium is known to be a long-branching and potentially 'rogue' taxon [17] . To evaluate its potential negative effects on the topology, we analysed the dataset as above with the genus Mesodinium removed: the topology was unchanged (Fig. S1 ).
To inspect the general gene content overlap between the lineages of interest, we used available ciliate genomes and transcriptomes to create orthologue sets. We predicted the coding region of each assembled transcript with the TransDecoder 2.0.1 tool and blastp (http://transdecoder.github. io/). OrthoFinder 1.0.8 [25] with default settings was then used to define orthologous groups of proteins. A Venn diagram was then built for the five species of interest.
RESULTS
Phylogenomic analyses
In 126/159 manually inspected single-gene trees (see Step 5 above), the genus Halteria was in a clade with the hypotrichs Oxytricha trifallax, Stylonychia lemnae and Pseudokeronopsis riccii (data not shown). While not the focus of this study, the genes attributed to Mesodinium rubrum were observed to group almost as often outside the ciliate clade as within it.
Topologies for both RAxML and Bayesian analyses were identical with the ciliates robustly monophyletic. The basal branchings within the ciliates were not strongly supported with bootstraps <85 and posterior probabilities of 0.58 and 0.99. The genera Mesodinium and Condylostoma were at the base of the ciliate clade, and the genus Protocruzia was supported weakly as the next branch. These three taxa were associated weakly with the two well-supported, major clades of the subphylum Intramacronucleata: SAL for the classes Spirotrichea, Armophorea and Litostomatea; and CON-THREEP for the classes Colpodea, Oligohymenophorea, Nassophorea, Prostomatea, Plagiopylea and Phyllopharyngea (see [17] ). For the latter group, only the classes Colpodea, Oligohymenophorea, and Phyllopharyngea were represented (Fig. 2 ).
Within these two major clades, the topologies were supported extremely robustly. In relation to the phylogenetic position of the genus Halteria, it was always sister to the two hypotrich genera Oxytricha and Stylonychia with the hypotrich genus Pseudokeronopsis as the basal taxon of this subclade. Thus, we can confidently conclude that members of the genus Halteria are 'oligotrichous' hypotrichs.
Orthologue analyses
Visual inspection of the single-gene trees clearly demonstrated that genes of members of the genus Halteria were most closely related to those of members of the hypotrich genera Oxytricha and Stylonychia (see above). Our deeper analyses of orthologues supported this preliminary result:
the genus Halteria shares more orthologues in common (15 % of all orthologues) with the hypotrichs Oxytricha and Stylonychia than with the oligotrichs and choreotrichs (5 % of all orthologues; Fig. 3 ).
DISCUSSION Phylogenetic position of the genus Halteria
The addition of the genus Halteria, along with the genera Stylonychia and Chilodonella, to the phylogenomic alignment of Gentekaki et al. [17] did not change the highly supported, deep branches of the ciliate clade (i.e. SAL, CONTHREEP). From our present analyses we must conclude that the genus Halteria can no longer be assigned to the subclass Oligotrichia sensu stricto, but must be considered an 'oligotrichous' hypotrich. Let us first start, however, with several morphological characters for which there is agreement between the phylogenomic analyses and morphological analyses. Character 9 is the presence of a macronuclear reorganization band, a specific morphological feature of macronuclear S phase in spirotrich ciliates [2] . Character 11 is the presence of subepiplasmic microtubules in a single or multiple layers; these are arrangements of microtubules in the pellicle. Both are shared-derived characters of the spirotrichs. Character 10 is the perilemma, an additional 'membrane' outside the plasma membrane, which is shared by hypotrichs and oligotrichs, separating them from the species of the genus Euplotes. The topology of the phylogenomic tree supports these morphological synapomorphies for the spirotrichs and hypotrichs+oligotrichs.
Orthologue analyses
Characters 1, 2 and 3 were respectively globular/ovoid cell shape, planktonic life style and adoral zone of membranelles (i.e. oral structures) mainly apical. They were coded as shared by halteriids and oligotrichs but not by other taxa included in the analysis. However, as Foissner et al. [12] indicated, these morphological features are related to the planktonic life style. These features are in fact found in other distantly related ciliates (e.g. didiniids, mesodiniids, cyclotrichiids; some prostomatids; see taxa in [2, 27, 28] ). Therefore, they ought not to be used to unambiguously relate halteriids and oligotrichs. Moreover, our phylogenomic results support the hypothesis that the planktonic lifestyle is convergent in halteriids and oligotrichs sensu lato, and thus cell shape and apical adoral membranelles are very likely convergent features.
Character 4 was an ordered-state character, presuming that the two-rowed adoral polykinetids or membranelles of oligotrichs derived from a reduction of the typically threerowed adoral polykinetids of benthic spirotrichs. Some halteriid adoral polykinetids already exhibit the two-rowed state [12] . Our phylogenomic results argue strongly against the presumption that this is a shared-derived state. Instead they suggest that the reduction to two-rowed adoral polykinetids is a convergent feature, possibly driven by the fitness benefit to locomotion of including more two-rowed polykinetids in the 'locomotor' adoral zone over having fewer three-rowed polykinetids.
Character 7 was cirri present; cirri are the well-developed compound somatic ciliary organelles found in hypotrichs and euplotians [2] . Foissner et al. [12] did not code the 'bristles' of halteriids as modified cirri even though these somatic compound cilia are highly effective locomotory organelles. A well-developed somatic ciliature, like the halteriid 'bristles', is found in no other oligotrichs. Our phylogenomic results argue strongly that the 'bristles' of halteriids are very likely derived cirri, or perhaps a highly adapted dorsal ciliature, that has been modified for planktonic locomotion.
Character 8 was !40 % of the somatic kineties shortened, a feature coded as shared only by halteriids and oligotrichs. However, some species of the genus Strombidinopsis have kineties that extend the full length of the cell (Fig. 1 ) [29] , as do some strobilidiines [30] . Thus, we would argue that the character coding here is incorrect. This, together with our phylogenomic results, argues for convergence in the shortening of somatic kineties in halteriids and most oligotrichs.
Character 13 is enantiotropic cell division. Faur e-Fremiet [31] provided the first detailed comparative analysis of division morphogenesis in halteriids and oligotrichs. He observed that the cell axes of proter and opisthe were not oriented in the same direction, anterior to posterior (i.e. homopolar), at a late stage of cell division, as is typical of ciliates, but had a somewhat opposite orientation, which he termed enantiotropic. Faur e-Fremiet [31] described numerous differences between halteriids and oligotrichs in the process of achieving enantiotropy, and these have been further elaborated by subsequent research (e.g. see [32] [33] [34] ). Moreover, there are some unrelated ciliates with a planktonic lifestyle that exhibit a kind of enantiotropy (e.g. members of the genus Balanion) [35] . Thus, in our view, one must ask what is the selective advantage of enantiotropy in planktonic ciliates, which typically have poorly developed somatic ciliature, especially at division [32, 33] . One explanation might simply be that the completion of development of a complex apical oral ciliature might require that this ciliature migrate laterally and somewhat posteriorly (i.e. enantiotropically). This migratory movement could have evolved convergently in halteriids and other 'oligotrichs'. Another explanation is that ciliates, and other cells, cannot complete cell division without locomotion: in the case of the genus Tetrahymena, knockout mutants with genetic defects in ciliary locomotion failed to divide and began to form monster cells [36] . Planktonic ciliates with poorly developed somatic ciliature are in the same predicament as these knockout mutants of the genus Tetrahymena. We would argue that this has been resolved convergently, in evolutionary terms, in diverse groups (i.e. halteriids, oligotrichs, prostomes) by rotating the opisthe's cell axis to such a degree that it enables the developing oral ciliature to provide the major locomotive force, a force not provided by the somatic ciliature, to separate the dividing cells. Our phylogenomic results robustly support this hypothesis.
Character 16 is undulating membrane or endoral originates de novo, which occurs in both halteriids and oligotrichs. However, Foissner et al. [12] do not include in their coding that the de novo origin in halteriids is on the cell surface, where the oral primordium also develops in hypotrichs, rather than in a subsurface pocket, as occurs in some oligotrichs. Furthermore, the only detailed descriptions of division morphogenesis in halteriids are those of Petz and Foissner [32] and Song [33] , and the illustrations included do not provide sufficient 'substage' information to unambiguously refute the hypothesis that the endoral develops by budding of kinetosomes from the initial oral primordial field. There is enough ambiguity in the interpretation of this character already that our phylogenomic results just add to doubt of its validity. Even if subsequent research shows the origin to be in fact de novo, our phylogenomic results would suggest that this de novo origin of the undulating membrane is convergent.
Character 19 is the interlocking arrangement of conjugants.
In their detailed description of conjugation in members of the genus Halteria, Agatha and Foissner [11] comment in their discussion that the interlocking arrangement 'might represent only a convergent adaptation to the jumping movements of the taxa' (p. 61) (i.e. Halteria and Pelagostrobilidium). Our phylogenomic results provide support for this conclusion, rather than considering the feature to be a synapomorphy for halteriids and oligotrichs.
The last four characters (i.e. character 22 -ectocyst of the cyst wall bipartite and granular; character 24 -lepidosomes with tubular or fibrous fine structure; character 25 -resting cyst plasm with 'curious' structures; and character 26 -'halteriid' cyst wall precursors) are ultrastructural features of encystment. To begin with, we believe that it is risky to assume homology of structurally 'simple' ultrastructural features about whose molecular constituents we are ignorant: a classic example of this was the misidentification by Margulis, To and Chase [37] of true microtubules in spirochetes (see [38] ). So, at the outset, we would be distrustful of putting too much weight on characters that are described as 'bipartite', 'granular', 'tubular', 'fibrous', 'curious' and 'halteriid'-like.
Furthermore, we wonder whether Foissner et al. [12] correctly coded characters 25 and 26 since they state that the former is 'an apomorphy of the halteriids' (p. 308) and for the latter that 'no data are available from the Oligotrichina' (p. 308). Yet, these were both coded as shared-derived characters for both halteriids and oligotrichs (Table 3 , p. 308 in [12] ). Our phylogenomic results would cast doubt on the homology of all of these features.
Cladistic hypotheses based on morphology have been proposed for relationships between several of the major clades/ classes of ciliates, and several of these have been very insightful and have been initially supported by single-gene data (e.g. Lamellicorticata, see [39] ). The phylogenomic approach provides a further and stronger test for these cladistic hypotheses, and will enable us, we believe, to tease out which morphological characters are convergent and which are indeed truly homologous.
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